Purpose of Review The various lumbar interbody fusion (IBF) techniques and the evidence for their use in the treatment of degenerative lumbar spondylolisthesis (DLS) are described in this review. Recent Findings The existing evidence is mixed regarding the indications for and utility of IBF in DLS, but its use in the setting of pre-operative instability is most strongly supported. Anterior (ALIF), lateral (LLIF), posterior (PLIF), transforaminal (TLIF), and axial (AxiaLIF) lumbar IBF approaches have been described. While the current data are limited, TLIF may be a better option than PLIF in DLS due the increased operative morbidity and peri-operative complications observed with the latter. LLIF also appears superior to PLIF in light of improved radiologic outcomes, fewer intraoperative complications, and potentially greater improvements in disability. The data comparing LLIF to TLIF are less conclusive. No studies specifically comparing ALIF or AxiaLIF to other IBF techniques could be identified. Summary Instability may be the strongest indication for IBF in DLS. When IBF is employed, the authors' preferred technique is TLIF with posterior segmental spinal instrumentation. Further research is needed.
Introduction
Degenerative lumbar spondylolisthesis (DLS) is the subluxation of one vertebra relative to an adjacent vertebra in the absence of a defect in the neural arch. It is associated with facet joint degeneration and is therefore typically observed in individuals over the age of 50. Affected individuals may suffer from spinal stenosis with resulting back and leg pain [1] . While isolated decompression can be considered in the treatment of select cases of symptomatic DLS [2] , decompression with fusion is more frequently performed out of concern that isolated decompression will further destabilize the spine, permitting additional slip progression [3, 4] . The benefit of arthrodesis has been demonstrated in the existing literature, but the optimal method for achieving fusion remains poorly defined [5] [6] [7] .
Interbody fusion (IBF), a relatively new set of techniques, has become increasingly popular in the treatment of DLS, with utilization rates climbing from 14% in 1999 to 37% in 2011 [3] . However, controversy exists regarding the specific indications for and benefits of IBF overall as well as on the relative merits of the various interbody approaches [8••, 9, 10••] . This report discusses the indications for IBF, explores and compares the various IBF techniques, and presents the authors' decisionmaking algorithm for operative management of lumbar DLS.
Indications for Interbody Fusion
Interbody fusion offers a number of potential benefits. It bolsters the biomechanical stability of a construct by stabilizing This article is part of the Topical Collection on Treatment of Lumbar Degenerative Pathology the anterior column. This can prove especially important in patients with DLS in which the anterior column is unstable (e.g., high-grade spondylolisthesis, unstable slips, degenerative scoliosis, and retained disc height) [11] [12] [13] [14] . The insertion of interbody devices can also improve sagittal alignment and restore disc and foraminal height, providing indirect decompression in instances of foraminal and canal stenosis and aiding in spondylolisthesis reduction [12, 15] . From a biological standpoint, it increases the surface area available for fusion and has been shown to enhance fusion rates [8••, 16] . This can be particularly useful in revision procedures when the posterolateral fusion bed may be insufficient, and the surgeon needs to increase the chances of successful arthrodesis [12] . Interbody fusion can be utilized in either a stand-alone fashion or in conjunction with traditional posterior spinal fusion [17] [18] [19] 20 •].
Despite the above, interbody techniques have not consistently enhanced outcomes in the existing literature [21] . A recent systematic review examining the role of IBF in the setting of DLS found that the majority of available studies identified no radiographic or clinical outcome difference between IBF and other surgical treatments [22] . The increased rigidity conferred by the addition of an interbody device may contribute to elevated rates of adjacent segment degeneration (ASD) and compression fracture [23] [24] [25] [26] . However, conflicting data indicate that IBF may instead protect against ASD by generating more segmental lordosis [27] .
Both a 2005 Cochrane Review and a 2016 North American Spine Society (NASS) evidence-based clinical guideline were unable to draw conclusions regarding the overall merit of IBF in the surgical treatment of DLS [9, 10••] . In 2014, the American Association of Neurological Surgeons/Congress of Neurological Surgeons (AANS/CNS) Joint Section on Disorders of the Spine and Peripheral Nerves released guidelines including a Grade B recommendation that interbody techniques are associated with increased fusion rates and fewer reoperations (but not necessarily improved radiographic or clinical outcomes) in patients with DLS and pre-operative instability [8••] .
In a recent survey, spine surgeons indicated that the need for foraminal decompression and a desire to improve fusion rates were top reasons to include IBF in the operative treatment of DLS, while disc collapse and the absence of radiographic or clinical instability were reasons to avoid it [4] .
Overview of Interbody Fusion
Anterior lumbar interbody fusion (ALIF), first described in 1932, has the longest history of use among interbody fusion techniques (Table 1) [18, 28] . This approach involves a paramedian anterior approach through the abdominal musculature and fascia, into the retroperitoneal space, and along the psoas to reach the anterior aspect of the vertebral bodies. Because of the proximity to the abdominal viscera and iliac vessels, orthopedic surgeons may opt to perform this approach with the aid of a vascular access surgeon [29, 30] . ALIF can provide excellent exposure, allowing for insertion of a graft with a large footprint, without compromising the posterior osseous, muscular, and ligamentous structures when performed as a stand-alone procedure [28, 31] . However, due to the course of the major vessels, only the L4-5 and L5-S1 disc spaces are typically accessible via this approach [32] . The L4-5 disc space is closer to the aortic bifurcation and confluence of the common iliac veins and, depending on individual patient vascular anatomy, may be more difficult or even impossible to safely access anteriorly. This is an especially relevant consideration in the setting of DLS, which most commonly affects the L4-5 level [1, 33] . Notable complications of ALIF include retrograde ejaculation, vascular and visceral injury, as well as damage to the sympathetic chain [31, 32] . Surgeons should be particularly cautious when performing ALIF in the presence of DLS because spondylolisthesis may distort and scar normal vascular anatomy, and the procedure has been associated with an increased risk of major vascular injury and greater intra-operative blood loss in the setting of spondylolisthesis [30, 34] .
Posterior lumbar interbody fusion (PLIF) is accomplished via the standard posterior approach. After wide laminectomy and partial bilateral facetectomy, the neural elements are retracted to either side, allowing for disc space preparation and insertion of an interbody device on each side of the intervertebral space [32, 35] . The benefit of this technique is that it utilizes an approach that is familiar to the spine surgeon, who can achieve circumferential fusion without the added morbidity and operative time associated with performing two surgical approaches under the same anesthetic. The primary drawback is related to the need for significant dural retraction, which may result in incidental durotomy or nerve root injuries [32, 36•, 37] .
Transforaminal lumbar interbody fusion (TLIF) involves placement of a single interbody device into the midline of the intervertebral space via a posterior or posterolateral approach and was first described for use in the setting of spondylolisthesis [38] . A unilateral laminotomy and partial facetectomy are performed on the side of the patient's symptoms to produce a posterolateral window for disc space preparation and interbody device insertion [32] . A single "banana"-shaped or rectangular interbody device can be inserted into the midline from a unilateral approach to support the entire segment [32] . This technique exhibits the advantages of PLIF without the risks associated with neural retraction [37, 39] . It does, however, require a unique set of surgical instruments to which the surgeon must become accustomed, especially when performed in a minimally invasive fashion [32] . Furthermore, access to the disc space may be challenging due to the narrow-working corridor and steep angle inherent to spondylolisthesis cases [40] .
Lateral lumbar interbody fusion (LLIF) is a relatively newer technique that gains access to the lumbar spine via a lateral approach through the retroperitoneal fat and psoas muscle [41] . Similar to ALIF, this approach allows for insertion of an interbody device with a large footprint and spares the posterior osseous and ligamentous structures when performed in a stand-alone fashion. However, LLIF also retains the anterior longitudinal ligament, which adds rigidity to the segment [42] . Retention of these osseous and ligamentous structures is especially desirable in the setting of degenerative spondylolisthesis, where lack of restraints may exacerbate spinal destabilization and contribute to failure of instrumentation [42] . LLIF avoids many of the access-related complications associated with ALIF but comes with its own set of risks and limitations. The location of the iliac wing precludes exposure of the L5-S1 disc space and may make L4-5 surgery difficult. Access to the upper lumbar spine may need to be accomplished via an intercostal approach [43] . Complications include post-operative groin and thigh pain as well as injury to the lumbar nerve roots and plexus [17, 44, 45] . Intra-operative neurological monitoring and frequent fluoroscopic imaging are utilized in an attempt to minimize these risks [41] . Additionally, some surgeons employ the assistance of a vascular access surgeon.
Axial lumbar interbody fusion (AxiaLIF), an interbody fusion strategy which was never widely adopted, utilizes the plane separating the peritoneal contents from the sacrum and is intended almost exclusively for arthrodesis of the L5-S1 space, although two-level fusions have been performed (L4-S1) [46] . A small paracoccygeal incision is made, and a cannulated drill is passed from the sacral promonotory through the sacrum to create a path to the L5-S1 disc space. Disc space preparation is performed via this channel and then an axially directed implant is inserted [46] . A pedicle screw reduction system may be used to perform spondylolisthesis reduction prior to the AxiaLIF portion of the procedure [40] . The purported benefit of AxiaLIF is that it avoids mobilization of abdominal viscera or neurovascular structures [47] . However, limited high-quality research exists regarding surgical outcomes and complications [48] . Rectal perforation, L5-S1 Rectal perforation, pelvic hematoma, sacral fracture.
Avoids mobilization of abdominal viscera or neurovascular structures.
Limited adoption due to unfamiliar approach, substantial side effect profile, and small body of literature.
ALIF anterior lumbar interbody fusion, ALL anterior longitudinal ligament, PLIF posterior lumbar interbody fusion, TLIF transforaminal lumbar interbody fusion, LLIF lateral lumbar interbody fusion, AxiaLIF axial lumbar interbody fusion pelvic hematoma, and sacral fracture have been reported, and the technique has largely fallen out of favor [49] [50] [51] .
Comparison of Approaches
There have been numerous studies evaluating the merits and disadvantages of the above IBF techniques, but the heterogeneous nature of these trials and the paucity of direct head-tohead comparisons have made it difficult to define an optimal approach. Existing evidence-based clinical guidelines have deemed the existing evidence inadequate to identify a preferred IBF technique [8••, 9, 10••]. The available literature, some of which was not available at the time that the aforementioned guidelines were developed, is described below as well as summarized in Table 2 . In 2008, Yan et al. reported the results of a retrospective cohort study comparing PLIF versus TLIF for single-level fusion in Grade I-II DLS [52] . All IBFs were performed in conjunction with posterior segmental spinal instrumentation (PSSI). The minimum two-year follow-up was achieved in 85 patients undergoing PLIF and 91 undergoing TLIF. There were no instances of cage extrusion in either group, and all patients achieved fusion. The complication profiles of the two groups were similar, with radiculitis in three PLIF and two TLIF patients and one instance of screw loosening in each group. Both techniques generally resulted in good or excellent Japanese Orthopedic Association (JOA) scores (83.5% of PLIF and 84.6% of TLIF patients). Visual analogue scale (VAS) scores decreased by 4.24 in the PLIF group and by 4.34 in the TLIF group, both of which were highly statistically significant findings (p = <0.001). The percent slippage improved significantly between the pre-operative and initial post-operative radiographs in both groups-from an average of 30.1 to 7.3% with PLIF and from an average of 31.4 to 7.4% with TLIF. This did not change significantly between initial post-operative and final follow-up imaging. Finally, both IBF techniques were successful in imparting a significant increase in intervertebral space and foraminal height. Notably, there were no significant differences between the two techniques in any of the clinical or radiographic measures. Results of this study suggest that PLIF and TLIF exhibit similar safety profiles, and both provide good medium-term clinical and radiographic outcomes.
A 2015 retrospective cohort study by Liu et al. compared TLIF (n = 101) and PLIF (n = 125) in treatment of Grade I-II DLS [53•] . The study was limited to one-or two-level fusions, and PSSI was performed in all cases. In addition to being somewhat larger than the Yan et al. study, Liu et al. focused more closely on intra-operative events and the immediate post-operative period (within 1 week of surgery). Compared to patients in the TLIF group, those in the PLIF group had significantly longer operative times (242 ± 67 versus 188 ± 46 min, p = 0.037), more intra-operative blood loss (483 ± 403 versus 308 ± 385 mL, p = 0.035), and higher allogenic blood transfusion rates (19.2 versus 4.9%, p = 0.001). Furthermore, those in the PLIF group had a significantly greater rate of dural tear (12 versus 3.9%, p = 0.030), post-operative iatrogenic nerve root dysfunction (9.6 versus 1.9%, p = 0.018), and reoperation (10.4 versus 1.9%, p = 0.001). Reoperations were for infection and nerve root injury. Functional outcomes, as determined by the Kirkaldy-Willis criteria, improved similarly between groups (p = 0.64). Compared to pre-operative baselines, VAS scores decreased by an average of 4.24 in the PLIF group and 4.34 in the TLIF group (p = 0.32) by 1 week post-operatively. Curiously, the reported mean pre-and post-operative average VAS scores as well as standard deviations for both groups were exactly the same between this and the 2008 Yan et al. study despite being different patient populations at different time points. It seems unlikely that these values would be identical to the reported hundredth of a point, which may cast some doubt on this and other results reported in the Liu et al. manuscript. This aside, these findings suggest that PLIF and TLIF produce similar short-term functional improvements, but PLIF is associated with significantly more operative morbidity and peri-operative complications.
PLIF and LLIF were compared in a study published by Pawar et al. in 2015 [36•] . This retrospective matched cohort study investigated the effects of each of these techniques in conjunction with PSSI for one-or two-level DLS. There were 39 patients in each group, with an average follow-up of 16.1 months for the LLIF patients and 21 months for the PLIF patients. Operative time was similar between groups, but average blood loss was significantly less in the LLIF than the PLIF group (438 versus 750 min, p < 0.01), and the incidence of dural tear was significantly lower with LLIF (0 versus 5, p = 0.014). The LLIF group also experienced significantly greater restoration of foraminal height, intervertebral space height, and lumbar lordosis. There were no permanent iatrogenic neurologic deficits in either group. There was significantly greater decline in disability in the LLIF group as measured by the Oswestry Disability Index (− 19.5 versus − 7.7, p = 0.001), but no other significant differences in clinical outcome scores (Short Form 12 Physical & Mental Component Summary, VAS) between groups. These results suggest that LLIF results in improved radiologic outcomes with fewer intra-operative complications than PLIF. LLIF may also produce greater improvements in disability.
Norton et al. published an analysis of the National Inpatient Sample (NIS) database with a focus on the treatment of patients with DLS [20•] . The study, also released in 2015, examined inpatient hospital data from the decade spanning 2001 through 2010. Authors reported complication rates by surgical technique, but were forced to lump TLIF and PLIF together (P/TLIF) due to limitations of administrative coding data. Operative time, intra-operative blood loss, and allogenic blood transfusion rates significantly higher in PLIF group, which also had a significantly higher rate of dural tear, post-operative nerve root dysfunction, and reoperation (due to infection and nerve root injury). Similar improvement in pain and functional outcomes 1 week post-operatively.
PLIF and TLIF produce similar short-term functional improvements, but PLIF is associated with significantly more operative morbidity and peri-operative complications. Compared to the combined PLIF and TLIF group, patients undergoing ALIF had a significantly lower rate of acute blood loss anemia but a significantly higher incidence of GI complications.
Interpretation difficult due to lack of granularity in surgical groups and complication categories. No post-discharge outcomes to guide decision making. Both LLIF and MIS TLIF were effective with few significant differences identified between them. Fusion rates and patient-reported outcomes comparable.
PLIF posterior lumbar interbody fusion, TLIF transforaminal lumbar interbody fusion, DLS degenerative lumbar spondylolisthesis, PSSI posterior segmental spinal instrumentation, JOA Japanese Orthopedic Association, LLIF lateral lumbar interbody fusion, MIS minimally invasive surgical, VAS visual analogue scale, ODI Oswestry Disability Index, ALIF anterior lumbar interbody fusion, GI gastrointestinal Similarly, they were unable to discriminate between ALIF and LLIF. Authors found that patients undergoing interbody fusion via an anterior or lateral approach were significantly less likely to develop acute blood loss anemia but were at significantly higher risk of gastrointestinal complications than those undergoing P/TLIF. However, the study's utility in informing clinical decision making is limited by the lack of granularity in surgical groups and complication categories as well as the absence of post-discharge outcomes. Two-year outcomes of a prospective cohort study comparing LLIF to minimally invasive surgical (MIS) TLIF in the treatment of one-or two-level Grade I-II DLS were published in 2016 [54•, 55•] . In total, 29 patients underwent LLIF and 26 underwent TLIF. Percutaneous pedicle screws were inserted bilaterally for both groups, but direct decompression was only performed in the TLIF patients. Investigators found that blood loss was lower in the LLIF group, with intra-operative blood loss of less than 100 mL of occurring in 73% of LLIF versus 27% of TLIF cases (p < 0.01). Mean operative time and hospital length of stay did not differ between groups. Postoperative hip flexion weakness was only observed in the LLIF group (31% of patients, p < 0.001), but it resolved within 6 months in all cases. There were few sensory or distal motor deficits in the study-all were transient, and no significant difference between groups was i dentified. One pseudoarthrosis was identified and revised (TLIF group); no other revisions were performed. Pain, disability, and quality of life scores improved significantly over baseline in both groups with minimal statistically significant intra-group differences. Radiographically, disc height was significantly improved in both groups at all time points, but less subsidence was observed in the LLIF group at two-year follow-up (p = 0.002). There was greater post-operative increase in central canal area in the TLIF than the LLIF group (43.1 versus 4.1 mm 2 , p = 0.028). All LLIF patients and 96% of TLIF patients had evidence of fusion on computed tomography (p = 0.448). Ultimately, authors concluded that both techniques are reasonable treatment options as they provide high fusion rates and significant and sustained clinical improvements over a twoyear timeframe.
Synthesizing this rather limited data remains difficult. Based on the existing publications, however, TLIF may generally be a better option than PLIF for DLS, especially in light of the increased operative morbidity and peri-operative complications observed with PLIF. Similarly, LLIF appears superior to PLIF due to improved radiologic outcomes, fewer intraoperative complications, and potentially greater improvements in disability. The data comparing LLIF to TLIF are currently less conclusive. Unfortunately, no direct comparison to date has included AxiaLIF in the study groups, and the single study containing ALIF patients has limited clinical utility at distinguishing between IBF techniques. In addition to the above, the decision on which approach to utilize should continue to depend on individual patient factors and surgeon familiarity.
Conclusions
Interbody fusion boasts a number of potential benefits in the treatment of DLS, but the limited existing data neither consistently support its use nor conclusively identify an optimal technique. Additional research is required to conclusively define the role of IBS in this setting.
In our practice, fusion for DLS is performed via a posterior approach using segmental pedicle screw fixation without IBF for the majority of cases. Indications for the addition of an interbody device are the following: the presence of frank instability, a large or mobile disc space, degenerative scoliosis, post-laminectomy spondylolisthesis, recurrent herniated nucleus pulposis (HNP) at the L4-5 level, and laterally based HNP with exiting nerve root compression. The latter is a relatively uncommon indication due to the fact that DLS typically compresses the traversing root in the lateral recess and less commonly affects the exiting root. When IBF is indicated, our preferred technique is TLIF with PSSI ( Figs. 1 and 2) , which allows for anterior support via a posterior approach with minimal nerve root retraction.
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